Permanent electric dipole moments are important for understanding symmetry breaking in molecular physics, control of chemical reactions, and realization of strongly correlated many-body quantum systems. However, large molecular permanent electric dipole moments are challenging to realize experimentally. We report the observation of ultralong-range Rydberg molecules with bond lengths of~100 nanometers and kilo-Debye permanent electric dipole moments that form when an ultracold ground-state cesium (Cs) atom becomes bound within the electronic cloud of an extended Cs electronic orbit. The electronic character of this hybrid class of "trilobite" molecules is dominated by degenerate Rydberg manifolds, making them difficult to produce by conventional photoassociation. We used detailed coupled-channel calculations to reproduce their properties quantitatively. Our findings may lead to progress in ultracold chemistry and strongly correlated many-body physics.
molecules would possess a giant PEDM but still be accessible via conventional two-photon laser excitation. Because of their energy level structure and ground-state electron scattering properties, Cs atoms are an ideal system for observing such a hybrid species.
We found that for Cs atoms, the peculiarly small noninteger fraction of the S-state quantum defect strongly admixes the (n -4)l > 2 degenerate electronic manifold with spherically symmetric nondegenerate nS states to form ultralong-range Rydberg molecules with kilo-Debye PEDMs, which are spectroscopically accessible. The Rydberg electron probability distributions for the observed Cs(nS + 6S) 3 
S
+ Rydberg molecules are predominantly of the "trilobite" type (Fig. 1A) . Here, the label in parentheses denotes the separated atom limit and the superscripts refer to the total electronic spin (triplet) and the homonuclear molecule reflection symmetry (+) through a plane containing the internuclear axis. The fractional mixing of states with high angular momentum can be as large as 90%. This contrasts with the 0.01% admixture of hydrogenic state character that occurs in Rb(nS) Rydberg molecules as studied in (6) . The large admixture of a nearly degenerate electronic manifold localizes the electron density on the Cs(6S) perturber (Fig. 1A) . We measured the PEDM by monitoring how the molecular Rydberg lines broaden when subjected to an external electric field of strength F ≈ 30 mV/cm (Fig. 1C) . Quantitative calculations of potential energy curves (PECs) with complicated nonadiabatic avoided crossings, vibrational energy levels, and PEDMs corroborated the observations (Fig. 1B , Fig. 2A, and Fig. 3A) .
Excitation into Rydberg states in a quantum gas has the potential for probing many-body effects with high precision and creating exotic states of matter. A recent observation of Rydberg electron orbital excitation to sizes comparable to or exceeding the extent of a Bose-Einstein condensate heralds possibilities for charged impurity research with extremely low mass ratios (15) . Because of Rydberg blockade (16) , only one Rydberg atom is excited in the condensate and single-impurity studies can be conducted. The formation of ultralong-range Rydberg molecules can be likened to localization in solids (17) : Ultralong-range Rydberg molecules are formed through multiple scattering of electrons from perturbers, leading to the localization of the electronic wave packet. The Cs states produced in this work are precursors to states where the electron is strongly localized at the position of several groundstate atoms. Such states will have exotic properties; they can involve dipolar and spin degrees of freedom, as well as interactions between Rydberg atoms if more than one Rydberg atom is present.
The interaction between a Rydberg electron and a ground-state perturber located within the Rydberg atom can be described by a Fermi contact interaction with energy-dependent scattering lengths (18, 19) . For Cs, there is a large p-wave spin-orbit splitting, manifested in the 3 P J electroncesium scattering phase shifts that must be considered. To calculate the molecular states for the Cs dimer, we diagonalized the electronic Hamiltonian that results from the electron-atom interaction for a range of internuclear distance R, using a large basis set of Rydberg electron orbital wave functions (20) . The calculation yielded a set of Born-Oppenheimer (BO) PECs, U(R), and their corresponding Rydberg electron wave functions, Y(R;r). Examples of these PECs and electron density distributions calculated from the Y(R;r) are shown in Fig. 1, A and B. The resulting set of coupled Schrödinger equations were solved directly to extract the vibrational states and the full spectrum of Rydberg molecular states.
The depth of the BO PECs with respect to the nS + 6S molecular asymptotes shows extreme sensitivity to the value of the zero-energy s-wave scattering length. This is because the depth of the PECs with respect to the hydrogenic manifold is approximately proportional to the scattering length. Because the hydrogenic manifold lies several GHz above the Cs Rydberg S state, a 1% variation in the electron ground-state atom s-wave scattering length results in a change of 100 MHz in the PEC depth. We used this sensitivity to adjust the value of the s-wave scattering length so that the lowest vibrational level in the outer well of the PEC correlating to 40S + 6S was in agreement with the experimentally observed resonance peak. The s-wave scattering length obtained was -21.3 T 0.1 a 0 , where a 0 is the Bohr radius. This value is 2% smaller than the theoretically calculated value of -21.7a 0 used in (9, 21) . The error bars are set conservatively to correspond to an energy level shift approximately equal to the spectral width of the observed vibrational states.
The p-wave electron-perturber scattering creates a set of narrow avoided crossings in the BO PECs, SCIENCE sciencemag.org evident in Fig. 1B . These features correspond to metastable p-wave Cs -states (22) . The PEC crossings can have a large impact on the overall behavior of the molecular PECs and the resulting vibrational states, particularly for those states lying nearby in energy. Far from the crossings, the PECs are dominated by s-wave scattering. We focus on states in the outermost PEC wells (Fig.  1B) , where the p-wave scattering produces only a small energy shift and the spin-orbit splitting between the M J = T1 and M J = 0 bound-state energies is smaller than the experimental spectral resolution of 3 MHz.
The experiment was performed in a far-off resonance trap (FORT). The crossed FORT was loaded to a peak density of 5 × 10 13 cm -3 at a temperature of 40 mK. A two-photon excitation was used to photoassociate the molecules (Fig.  2B) . The molecules were ionized using the FORT beams. The ions were detected with a microchannel plate detector. The molecular spectra were acquired by counting Cs + and Cs 2 + ions arriving at the detector as a function of excitation laser frequency. No Cs 2 + ions were detected.
Molecular spectra were acquired red-detuned from the n = 37, 39, and 40S 1/2 atomic states. Three spectral absorption lines were selected for Stark shift measurements: the excited vibrational level at~-277 MHz, v = 4, in the PEC correlating to the 37S + 6S limit, and the ground vibrational levels, v = 0, in the PECs correlating to the 39S + 6S and 40S + 6S limits. These states are indicated in Fig. 1B with arrows, and their ion yield spectra are shown in Fig. 2A and Fig. 3A . (Fig. 1C) (20) . The broadening increased nonlinearly at very small F a ≈ 10 mV cm -1 because of the presence of F h ≈ 15 mV cm
. From the broadenings shown in Fig. 1C , we determined dipole moments for the measured molecular states. For the -277 MHz vibrational peak near the 37S + 6S asymptote, the measured electric dipole moment was D = 2330 T 400 Debye, whereas we obtained D = 2310 T 250 Debye and D = 1910 T 150 Debye for the v = 0 level in the outer wells shown in Fig. 1B near the 39S + 6S and 40S + 6S asymptotes, respectively. The observed PEDMs are 100 to 1000 times those measured in previous experiments (6, 9), primarily because of the greater degenerate admixture present in the states observed here. Electron density distributions for each molecular state, |Y(R e ;r)| 2 , whose PEDM was measured are shown in Fig. 1A . In contrast to the Rb results (6), it was not necessary to subtract the Cs nS-state contributions from Y(R;r) to observe the "trilobite."
The highly localized electron density shown in Fig. 1A combined with where the y (n-4)T (R;r) trilobite state is a linear combination of l > 2 states that maximally localizes the Rydberg electron near the ground-state perturber. Here, c S (R) and c T (R) are the probability amplitudes for finding the electron in an nS state or a trilobite state, respectively. The
2 R is the dipole moment of the bare trilobite molecule. Far from the avoided crossings, c S (R) is approximately proportional to [E (n-4)l>2 -E nS ]/U(R), where E nl is the atomic Rydberg energy. Therefore, the PEDM becomes monotonically smaller with increasing v as the higher-lying vibrational wave functions progressively maximize their probability amplitude at the outer turning points. The calculated PEDMs (Fig. 1B) are within 13% of the corresponding experimental values (Fig. 1C) . The main source of error in the theoretical PEDMs is the uncertainty in the position of the vibrational state energy levels. For example, a shift in the binding energy of 40 MHz in v = 0 for Cs(37S + 6S) 3 S results in an 80 Debye change in the PEDM. Taking this uncertainty into account, the experimental and theoretical values agree to within one standard deviation. Figure 2A shows a comparison between the experimental spectrum and the PEC correlating to the 37S + 6S dissociation limit, with F h = 15 mV cm -1 . By applying the same functional form employed for fitting the Stark shifts, we calculated the theoretical spectra shown in Fig. 3A .
There is sizable modulation in the peak strength between even and odd v. The modulation of the vibrational state amplitude is most clearly observed for the molecular states correlating to the 37S + 6S asymptote, as well as near the minima of each of the different PEC wells. The modulation is a consequence of odd-parity cancellation in the Franck-Condon factors, akin to the Cooper minima in atomic ionization spectra (23) . The de Broglie wavelength of the Cs atoms is l dB (T = 40 mK) ≈ 35 nm, whereas the width of the potential wells is w ≈ 5 nm. Over this span, the ground-state wave function is effectively flat.
The observed lifetimes of each state are shown in Fig. 3B has a small, yet nonzero, quantum defect. The corresponding lifetime of Cs(36F) is t 36F ≈ 18 ms (25) . The fact that the decay of the molecular state is different from the purely radiative decay of the Cs(nS) Rydberg state, and closer to the nearby (n -4)F state, is another indication of the degenerate mixing involved in the formation of the hybrid trilobite molecules.
The class of ultralong-range molecule observed here is an advantageous cross between a traditional "trilobite" molecule and a low-l ultralongrange Rydberg molecule (7) (8) (9) (10) (11) (12) . The discovery of the trilobite ultralong-range Rydberg molecule could open opportunities in ultracold chemistry and strongly correlated many-body physics, as these exotic states require engineered mesoscopic localization and kilo-Debye permanent electric dipole moments.
